Background
==========

Land-use change is a complex phenomenon within the tropical biome \[[@B1]-[@B3]\]. Deforestation, one component of land-use change, has received a considerable amount of attention due to important consequences on biological diversity, carbon, and nutrient cycling. Less studied however, is the process of forest regrowth, which occurs when land under a given anthropogenic use is abandoned and a new forest establishes. In some cases the new forest recovers important ecological attributes of the original one such as structure, function, and composition \[[@B4],[@B5]\].

At the continental level, regrowing tropical forests compensate part of the carbon emissions from tropical deforestation \[[@B6]\]. After agricultural and pasture land is abandoned, new vegetation quickly establishes, with the highest rates of aboveground biomass accumulation within the first 15 years \[[@B4]\], and recovering to levels similar to old-growth forests in a time frame between 80 to 100 years \[[@B5],[@B7]\].

Pan et al. \[[@B6]\] recently estimated a global carbon sink from re-growing tropical forests, on average, on the order of 1.65 ± 0.71 Pg C yr^-1^. These authors however, report that their estimate is subject to large uncertainties. Because it is based on published data on aboveground biomass accumulation, one important source of uncertainty is the unknown rates of accumulation in other ecosystem carbon pools.

Estimates of forest carbon accumulation rates seldom include pools other than aboveground biomass due to the difficulties in sampling components such as coarse and fine roots, fine litter and coarse woody debris, and soil carbon. Measurement of carbon accumulation in these different pools would help to reduce bias significantly.

In addition to uncertainties and bias related to the pools included in estimating tropical forest regrowth, there is uncertainty in the assumptions of landscape configuration and legacies from previous land-use \[[@B8]\]. Forest regrowth varies considerably over forest succession, with high accumulation rates in the first stages and declining over time \[[@B4],[@B9]\]. Secondary forest landscapes in the tropics are usually heterogeneous \[[@B10],[@B11]\], so it is therefore uncertain whether one single average accumulation rate can characterize well this heterogeneity in landscape ages.

An additional source of uncertainty are carbon legacies from previous land use \[[@B8]\]. Depending on the type and the time since the previous land use, there could be important effects of carbon legacies as well. A carbon legacy is a given amount of dead carbon remaining from the previous land use that is subject to decomposition \[[@B9],[@B12],[@B13]\]. Examples of carbon legacies include: dead organic debris after hurricanes and large tropical storms \[[@B14]-[@B16]\], coarse woody debris after logging operations \[[@B17]\], or residues left after crop harvesting \[[@B18]\], among others. Carbon legacies can have important effects on ecosystem carbon fluxes, switching its behavior from carbon sinks to sources \[[@B13],[@B19]\].

The main objective of this study was to estimate rates of total carbon accumulation from a chronosequence of regrowing tropical forests in the Porce region of Colombia, derive a predictive empirical model, and compare its predictions with estimations of tropical forest regrowth used for large-scale carbon budgets. In addition, we were interested in exploring different assumptions often made in predicting continental level carbon accumulation. In particular, 1) the use of carbon accumulation in tree aboveground biomass as a surrogate for total carbon accumulation rates, 2) the implicit (versus explicit) representation of carbon legacies, and 3) the omission of landscape age in calculating C accumulation rates.

Results
=======

Carbon accumulation in different pools
--------------------------------------

Carbon storage increased along the 36 year chronosequence for most but not all of the measured pools. Tree aboveground biomass, coarse roots, fine litter, and coarse woody debris showed positive trends of accumulation, while palm aboveground biomass, herbaceous vegetation, fine root biomass, and soil carbon showed no trend over time (Figure [1](#F1){ref-type="fig"}).

![**Carbon accumulation with successional age in total tree aboveground biomass, palms, herbaceous vegetation, coarse roots, fine roots, fine litter, coarse woody debris, and soil carbon between 0-15 and 15-30 cm depth.** All units in Mg DW ha^-1^, except soil carbon in Mg C ha^-1^.](1750-0680-7-12-1){#F1}

The highest amount of carbon was accumulated in tree aboveground biomass, followed by coarse root biomass, and coarse woody debris. Palm aboveground biomass and herbaceous vegetation contributed the smallest amount of carbon (Figure [1](#F1){ref-type="fig"}).

When aggregated in major ecosystem carbon pools, total aboveground biomass was consistently the highest contribution to total carbon stocks compared to all other pools (∼ 50%), but the relative contribution of aboveground biomass changed significantly during the successional sequence (Figure [2](#F2){ref-type="fig"}). During the first 5 to 7 years of forest succession, total aboveground biomass contributes less than 20% to TCS, but this contribution changes fast and reaches a maximum at about 40 years.

![**Best fit models (continuous lines) based on measured (circles) ecosystem carbon pools: total aboveground biomass (*TAGB*), total belowground biomass (*TBB*), total dead mass (*TDM*), soil carbon to 30 cm depth (*SOC*), and total carbon stocks (*TCS*).** Mean and variance of carbon stocks in undisturbed forests of the region are represented with a dotted line and with a boxplot on the right side of each panel.](1750-0680-7-12-2){#F2}

Soil carbon in the first 30 cm represents the second most important ecosystem carbon pool, with an average of 66.5 ± 28.1 Mg C ha^-1^, but in this landscape it does not present any accumulation trend. In fact, the stocks of carbon in these secondary forest soils are significantly lower than in soils of primary forests and showed no sign of recovery (Figure [2](#F2){ref-type="fig"}).

Model fits to aggregated pools
------------------------------

The von Bertalanffy model (equation 4) provided the best statistical fits for total aboveground biomass and total belowground biomass, while the logistic equation (equation 5) provided the best fit to total dead mass (Table [1](#T1){ref-type="table"}, Figure [2](#F2){ref-type="fig"}). However, the addition of the parameter *β*~0~ in the von Bertalanffy model did not improve the statistical fits, and for this reason it was not included in the final models.

###### 

**Best parameter estimates of non-linear regression models applied to total aboveground biomass (*TAGB*), total belowground biomass (*TBB*) and total dead mass (*TDM*)**

  **Equation**                                                                           **Parameter estimate**   **Standard error**   ***p*-value**
  ------------------------------------------------------------------------------------- ------------------------ -------------------- ---------------
  $$\begin{array}{l}                                                                        *β*~1~= 0*.*064             0.021              0.004
  {\textit{TAGB} =} \\                                                                                                                
  {111.51\left( {1, - ,\exp} \right)} \\                                                                                              
  {\left( {- ,\beta_{1}, \ast ,t} \right)\left( {} \right)^{\beta_{2}}} \\                                                            
  \end{array}$$                                                                                                                       
                                                                                            *β*~2~= 1*.*964             0.851              0.028
  $\begin{array}{l}                                                                         *β*~1~= 0*.*022             0.005           \< 0*.*001
  {\textit{TBB} =} \\                                                                                                                 
  {37.665\left( {1, - ,\exp} \right)} \\                                                                                              
  {\left( {- ,\beta_{1}, \ast ,t} \right)\left( {} \right)^{\beta_{2}}} \\                                                            
  \end{array}$                                                                                                                        
                                                                                            *β*~2~= 0*.*897             0.149           \< 0*.*001
  $\begin{array}{l}                                                                         *β*~1~= 2*.*363             0.594           \< 0*.*001
  {\textit{TDM} =} \\                                                                                                                 
  \frac{6.615}{\left( {1, + ,\beta_{1},\exp,\left( {\beta_{2},t} \right)} \right)} \\                                                 
  \end{array}$                                                                                                                        
                                                                                            *β*~2~= -0*.*062            0.014           \< 0*.*001

*t* represents the forest age since land-use abandonment.

A model for total carbon stocks was then obtained analytically, summing each pool algebraically as in equation (2), which results in

$$\begin{array}{lll}
{\mspace{1080mu}\textit{TCS} =} & {66.452 + 111.51\left( {1, - ,\exp,\left( {- ,0,.,064, \ast ,t} \right)} \right)^{1.964}\qquad} & \qquad \\
 & {+ 37.665\left( {1, - ,\exp,\left( {- ,0,.,022, \ast ,t} \right)} \right)^{0.897}\qquad} & \\
 & {+ \frac{6.615}{\left( 1 + 2.363\exp\left( - 0.062t \right) \right)}.\qquad} & \qquad \\
\end{array}$$

The first term of this equation is the average soil carbon measured in the secondary forests, which in this case, does not accumulate over time.

Simulations
-----------

The empirical model of total carbon accumulation derived for the forests of the Porce region (equation 1), performed surprisingly well predicting carbon accumulation in other chronosequences of total carbon accumulation in the Amazon basin \[[@B20],[@B21]\] and in lowland forest of Costa Rica \[[@B22]\]. The root mean squared error (RMSE) estimated an average deviation between model predictions and observations as 35.1 and 40.5 Mg C ha^-1^ for the Amazon and Costa Rican datasets, respectively. The model was able to predict the trend of rapid carbon accumulation during the initial years of forest succession and the subsequent decline of accumulation rates at later ages that have been observed in other forests \[[@B4],[@B9],[@B13],[@B19],[@B23]\] (Figure [3](#F3){ref-type="fig"}). The maximum rate of carbon accumulation, 4.4 Mg C ha^-1^yr^-1^, was reached at an average age of 9 years.

![**Total carbon stocks (*TCS*, top) and net ecosystem carbon balance (*NECB*, bottom) with successional age.** Open circles in top panel represent measurements obtained in this study, filled circles represent independent data reported by \[[@B21]\] for an Amazon tropical forest, and squares independent data from a lowland forest in Costa Rica \[[@B22]\]. Lines represent predictions by the fitted model (equation 1).](1750-0680-7-12-3){#F3}

### Effects of carbon legacies

The effects of carbon legacies on TCS were assessed by performing simulations in which different levels of C legacies were left in situ at the beginning of the successional sequence. Carbon legacies decomposed over time following an exponential model using a dataset of decomposition rates for tropical trees \[[@B24],[@B25]\].

Our simulations showed that carbon legacies from previous land use can persist in regrowing tropical forests, on average, for up to 30 years (Figure [4](#F4){ref-type="fig"}a). The higher the amount of legacy carbon from the previous land use, the more persistent its effect over time.

![**Effects of carbon legacies on total carbon accumulation and net ecosystem carbon balance (*NECB*).a**) Temporal behavior of legacy carbon (colored lines) and new carbon accumulation (black line). **b**) Total carbon stocks (*TCS*) under different assumptions of carbon legacies. **c**) Net ecosystem carbon balance (*NECB*) under different assumptions of C legacies. **d**) Effects of C legacies on the maximum accumulation rates (max(*NECB*)), and the age at which this rate is reached (Age max(*NECB*)). % C legacy represents the percentage of C left in situ to decompose from the total carbon mass (TM) present in undisturbed forests. Decomposition of C legacies according to decomposition rates reported by \[[@B24]\].](1750-0680-7-12-4){#F4}

In the presence of carbon legacies, the total amount of carbon in an ecosystem declines during the first years of secondary succession. This trend contrasts with ecosystems with no legacies, where carbon always accumulates during the early years (Figure [4](#F4){ref-type="fig"}b).

In terms of carbon fluxes, net ecosystem carbon balance (*NECB*) is always negative in the early stages of succession when carbon legacies are present, until forest regrowth compensate C release (Figure [4](#F4){ref-type="fig"}c).

Carbon legacies also introduce time-lags in the age of maximum carbon accumulation rates. Without carbon legacies, the maximum rates occurred at year 9 in our empirical model with no legacies. As carbon legacies increased to 30, 70, and 100%, maximum accumulation rates occurred at years 14, 18, and 19, respectively. Similarly, maximum accumulation rates declined as carbon legacies increased (Figure [4](#F4){ref-type="fig"}d).

### Effects of landscape age-structure

Hypothetical landscapes produced by randomly sampling exponential probability distributions with different mean age, produced in all cases a large number of young landscape units (Figure [5](#F5){ref-type="fig"}). For all mean landscape ages, the amount of landscape units in early successional stages was always higher than the amount of units in late successional stages. Maximum age of landscape units increased with mean landscape age.

![**Histograms of the hypothetical landscapes produced by randomly sampling exponential distributions with mean age*E*\[*t*\] = 3, 5, 10, and 20 years.**](1750-0680-7-12-5){#F5}

In the presence of carbon legacies, carbon was predominantly released in landscapes with a higher proportion of young forests. Landscapes with mean ages below 10 years, can be important sources of carbon to the atmosphere depending on the degree of carbon legacies. However, the release of carbon generated by the legacies can be offset by carbon uptake in older landscape units if the amount of legacies is relatively small (\< 30%) and the mean age of the landscape is relatively high (\> 10 years old) (Figure [6](#F6){ref-type="fig"}).

![**Net ecosystem carbon balance (*NECB*) predicted under different assumptions of carbon legacies after land-use change and mean age of the landscape.** The horizontal red line in each panel represents the carbon accumulation rate used by \[[@B6]\] to predict carbon accumulation rates in tropical America.](1750-0680-7-12-6){#F6}

Without the presence of carbon legacies, carbon accumulation rates are always positive in landscapes of any given age (Figure [6](#F6){ref-type="fig"}). On average, the maximum accumulation rates occur in landscapes with mean ages around 10 years. When the mean age of the landscape surpasses this maximum rates, the rates of carbon accumulation decline.

The rates of carbon accumulation used to calculated tropical forest regrowth in the Americas \[[@B6]\] were always above the rates we found with our empirical model for different levels of carbon legacies and mean landscape age; except, for the situation of no legacies and a mean landscape age of 10 years (Figure [6](#F6){ref-type="fig"}).

Discussion
==========

Although the data and the empirical model we present here were derived for one single location from the enormous area of tropical regrowing forests, the good agreement of our estimates with other sites suggests that general trends of total carbon accumulation may exists for regrowing tropical forests at larger scales. Aboveground biomass accumulation in global and tropical secondary forests appears to be highly predictable \[[@B7],[@B26],[@B27]\], so total carbon accumulation may also be possible to predict from large-scale environmental variables as more information becomes available.

Despite the limitation of our data for large-scale inferences, our empirical model can be used to explore possible effects of different assumptions in the calculation of carbon accumulation rates at the biome level. Three main assumptions are discussed below: 1) the use of tree aboveground biomass as a surrogate for total accumulation rates, 2) the explicit inclusion of carbon legacies, and 3) the landscape age structure of regrowing forests.

Tree aboveground biomass as surrogate for total carbon accumulation
-------------------------------------------------------------------

A considerable number of studies have calculated accumulation rates of aboveground biomass in regrowing tropical forests (e.g., \[[@B28]-[@B37]\]). Less common however, is the estimation of total carbon accumulation rates that also include belowground and soil pools (however see, \[[@B7],[@B21],[@B22]\]). In this study we report total carbon accumulation rates that can help to reduce uncertainties associated with the carbon balance of tropical regrowing forests \[[@B6]\].

Our results suggest that the contribution of tree aboveground biomass to total carbon accumulation is very important in the late stages of succession. In early stages however, the contribution of fine roots and total dead mass can be important (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Because most of the carbon in aboveground tree biomass accumulates in the trunk, the contribution of aboveground biomass to total carbon accumulation is only significant until the trees reach a stage in which trunk biomass is considerably larger than the carbon accumulation in leaves and roots. In fact, fine root biomass does not increase over time in our study site, in agreement with previous studies which suggests that the amount of fine roots at the ecosystem level recovers quickly after disturbances \[[@B4],[@B38]\].

Other components of aboveground biomass such as palms and herbaceous vegetation contribute a very small fraction compared to the contributions of tree aboveground biomass. Given the difficulties and costs associated with measuring these components in the field, it would be possible to exclude them from estimations of total carbon accumulation without incurring in important underestimation.

However, the exclusion of other ecosystem carbon pools such as coarse- and fine-root biomass as well as fine litter and coarse woody debris, can lead to important underestimation of total carbon accumulation. These pools can contribute between 50 and 5% of the total mass (*TM*) or between 20 and 1% of total carbon stocks (*TCS*), depending on succession age (Figure [2](#F2){ref-type="fig"}).

In particular, total dead mass can be an important component of the carbon flux in regrowing forests. Although dead material decomposes and emit carbon to the atmosphere, it also accumulates carbon over time (Figure [2](#F2){ref-type="fig"}), being an important component of total carbon accumulation in regrowing forests \[[@B13]\].

After total aboveground biomass, the second largest carbon pool in the secondary forests we studied was soil carbon. However, in the studied plots we were not able to observe carbon accumulation trends in the soil component. This suggests that, as a carbon pool, soils are an important component of these regrowing forests, but in terms of carbon accumulation rates the contribution of the soils is negligible.

Lack of carbon accumulation in bulk soils during secondary succession has been reported previously \[[@B39]-[@B41]\]. However, a significant number of studies show positive carbon accumulation rates in soils after conversion from pasture or grassland to forest \[[@B42],[@B43]\]. Isotope analyses have revealed that soil carbon in secondary forests is the net result of inputs from the newly stablished forest minus losses of carbon from the previous land use \[[@B7],[@B41]\]. The amount of inputs in the secondary forests of the study area are significantly lower than inputs in undisturbed forests, while the amount of outputs through soil respiration are relatively high. This situation creates a net carbon balance in the soil close to zero \[[@B44]\].

In other ecosystems, the transition from grassland and cropland to secondary forest may result in a gain of soil carbon of up to 50 Mg C ha^-1^\[[@B42]\]. Assuming this recovery occurs between the first 50 to 100 years of succession, the annual rates of carbon accumulation could be between 0.5 to 1.0 Mg C ha^-1^yr^-1^, and could be even larger than accumulation rates in *TBB* and *TDM*. However, rates of carbon accumulation in soil vary widely across the tropics and depend on multiple factors such as precipitation and soil texture and minerology \[[@B43]\].

In summary, accumulation rates in tree aboveground biomass can only give good approximations to total carbon accumulation rates in late stages of forest succession and where soil carbon does not recover to the levels of primary forests. In all other cases, carbon accumulation in tree aboveground biomass probably underestimates total carbon accumulation rates in considerable proportions.

Carbon legacies
---------------

Although in the secondary forest landscape we studied there was no evidence of C legacies due to its long history of land use, we were interested in exploring the C consequences of such legacies in the hypothetical case they had been present. In addition, large-scale carbon budgets calculate the net C balance between deforestation and regrowth implicitly including these C legacies; however, it is difficult to assess the effects of different changes in land use on the temporal trend of C recovery without the explicit account of these legacies.

Carbon legacies can vary in importance depending on the type of disturbance or previous land use. Extreme weather events such as hurricanes \[[@B15]\] or storms \[[@B16]\] can cause significant tree mortality over large areas. After these events, a large percentage of carbon is transferred from live to dead pools, with 100% of the dead material remaining in situ. In these cases, the regrowing forests after disturbance will likely behave as carbon sources during the first years of forest recovery \[[@B45]\].

The type and amount of carbon legacies after the abandonment of agricultural or pasture lands is more complex. After harvesting, crop residues remain in situ acting as a carbon legacy. However, the amount of this carbon legacy varies substantially depending on the type of crop; cereals and sugar crops producing the highest amount of residue in comparison to legumes and oil crops \[[@B18]\].

In forests recovering after pastures, other biological legacies may have more important effects on carbon accumulation than just carbon legacies. Pastures can significantly delay the recovery process due to a number of biological factors such as the rapid growth of herbs and ferns \[[@B28]\]. In our study area, where pasture was the dominant previous land use, we did not observe significant lags in the recovery of carbon stocks. Similarly, other studies have not found differences in carbon accumulation rates after pasture compared to agriculture \[[@B27]\]. Carbon accumulation rates after pastures can be complex, resulting from the interaction of many factors such as species composition, seed source and dispersers, and degradation of soil properties \[[@B28]\].

Small and large-scale timber extraction can also have important impacts on the amount and type of carbon legacies. Forestry activities rarely extract 100% of the harvested trees, leaving in situ a considerable amount of slash that acts as carbon legacy. Keller et al. \[[@B17]\] report that conventional logging systems in the Amazon can increase the amount of coarse woody debris by 95% above the background levels in undisturbed forests. In addition to this increase, other slash and fine debris represent an important amount of legacy carbon that can significantly delay positive accumulation rates in regrowing vegetation.

Landscape age structure
-----------------------

Our simulations showed that depending on succession age and amount of carbon legacies, the magnitude and direction of ecosystem carbon fluxes can differ significantly. Landscapes are usually mosaics of patches with different ages and land-use/disturbance histories \[[@B9]\]. Therefore, it is very important to study carbon sources and sinks accounting for this heterogeneity in landscape structure.

Previous studies have found that the age of secondary forest patches in the Amazon can be well represented by exponential density functions with mean age between 4 and 5 years \[[@B11]\]. Although age distributions can vary geographically across secondary tropical forests due to different economic, social and political factors, it is likely that mean ages are low as reported for the Brazilian Amazon. This relatively high proportion of forests in very early stages of succession has two important implications: 1) carbon legacies probably dominate the behavior of carbon fluxes in these early stages, 2) tree aboveground biomass does not contribute as much to total carbon accumulation as in later succession stages.

In the presence of carbon legacies, these relatively high proportion of forests in early successional stages suggests that important portions of anthropogenic landscapes in the Amazon may be actually acting as carbon sources rather than carbon sinks.

This relative small mean age of tropical forest landscapes and the results from our simulations also suggest that the contribution of tree aboveground biomass to total accumulation rates is not as high as it could be in other landscapes with higher mean ages. Therefore, the inclusion of belowground, dead, and soil carbon pools in calculations of carbon accumulation rates should give more priority to carbon accumulation in these other pools.

Implications for large-scale carbon budgets
-------------------------------------------

Tropical forest regrowth has been included implicitly in large scale estimations of land-use change \[[@B8]\], but there is renewed interested in separating it from deforestation emissions \[[@B6]\]. To reduce uncertainties and biases, and produce more accurate estimations, it is important to specifically account for carbon accumulation rates in belowground biomass, dead material, and soil carbon, in addition to aboveground biomass. This can potentially reduce underestimations of carbon accumulation between 20 and 50%. In addition, large scale budgets should also consider with detail the amount of carbon legacies after different land uses, and the age-structure of different landscapes.

Estimations of carbon emissions from tropical land-use change implicitly account for carbon legacies, forest age, and belowground carbon stocks (e.g., \[[@B46]-[@B50]\]). However, more detailed representations of these processes can help to understand key processes related to previous land use and carbon accumulation over time. For example, our simulations showed that carbon legacies control the period of time in which secondary forests act as carbon sources, the maximum accumulation rate that can be achieved during the entire successional process, and the time required to reach this maximum accumulation rate. Whether regrowing forests after different land uses with different carbon legacies may behave as carbon sources or sinks, is a question that cannot be answered with previous carbon accounting schemes. These type of questions are important for forest management and should help not only to produce estimates of the carbon consequences of land use, but also to devise possible management strategies to reduce carbon emissions.

The carbon accumulation rate of 3.8 Mg C ha^-1^yr^-1^ recently used to estimate tropical forest regrowth in the Americas \[[@B6]\], agrees well with our estimations of carbon accumulation in landscapes with mean age of ∼10 years and without the influence of carbon legacies (Figure [6](#F6){ref-type="fig"}). Whether these assumptions hold for all regrowing tropical forests in the Americas is uncertain, therefore new research efforts to quantify secondary forest age-structure would help to produce more accurate carbon budgets.

Conclusions
===========

A chronosequence of total carbon accumulation in a secondary forest landscape where pasture was the dominant previous land use, showed that carbon accumulates over time following a sigmoidal curve, reaching the maximum carbon levels between 80 and 100 years. Soil carbon stocks did not recover to levels of the undisturbed forests however, suggesting that previous land use severely modified the capacity to recover after anthropogenic disturbance.

A statistical fit to the data showed that this carbon accumulation is highly predictable, with maximum accumulation rates at around 9 years after the start of the successional process. The contribution of different pools varied over time, with aboveground biomass representing a small proportion in early stages but being the dominant carbon pool in late stages of forest succession.

The empirical model derived from the observations in this andean tropical forest landscape, performed remarkably well predicting carbon accumulation in other chronosequences in the Amazon basin and Costa Rica. This suggests that the process of total carbon accumulation is highly predictable and better models can be developed in the future as more data becomes available to predict carbon accumulation at the continental scale. In addition, this model can be used to explore different assumptions in calculating carbon accumulation rates at larger scales.

Simulation results using our empirical model allowed us to reach three important conclusions: 1) tree aboveground biomass is only a good surrogate for total carbon accumulation in late stages of forest succession. In the Brazilian Amazon, secondary forest landscapes have a mean age between 4 and 5 years \[[@B11]\] and young landscapes may also occur frequently in the tropics, therefore estimates based only on aboveground biomass probably underestimate total carbon accumulation. 2) Carbon legacies from previous land use can have important effects on the magnitude and direction of carbon fluxes in secondary forests. In the presence of legacies, secondary forests can act as carbon sources to the atmosphere, can decrease the maximum accumulation rate, and delay the time at which this maximum rate is reached. 3) Mean landscape age determines the magnitude and the direction of carbon fluxes. Without the presence of legacies, landscape age determines the strength of the carbon sink. In the presence of legacies, landscape age determines whether a tropical forest landscape is acting as a carbon source or a sink.

Methods
=======

Data collection and study site
------------------------------

In this study, we used data collected in secondary and primary forests of the Porce region of Colombia (6°45' 37" N, 75°06' 28" W). Mean annual temperature and precipitation in this region are reported as 22.7°C and 2078 mm, respectively. The main soil orders are Entisols and Inceptisols, with an average bulk density of 1.3 Mg m^-3^.

Secondary forests in the region were established in the late 1980s and 1990s after the design and construction of a series of hydroelectric projects that required the abandonment of pasture land to create a buffer zone surrounding the dams. Original deforestation of the area dates back to the mid 20th century when the majority of the area was converted to cattle pastures and a minor proportion to agriculture \[[@B51]\].

Previously, we had reported for this area total carbon stocks for primary and secondary forests \[[@B52]\], rates of carbon uptake and release in primary forests \[[@B53]\], rates of above- and below-ground carbon accumulation in secondary forests \[[@B51]\], soil carbon balance \[[@B44]\], and changes in forest structure and composition along the successional sequence \[[@B54]\]. Here, we compile these previous results, add new data, and present estimates of total carbon accumulation rates across all carbon pools in the secondary forests.

Between 1999 and 2001 we established 110 permanent plots in primary and secondary forests where we measured all trees and palms with diameter at breast height *D*\> 1 cm. Between 2005 and 2006, 33 additional plots were established in secondary forests \[[@B51]\]. Local aboveground biomass equations were developed for trees in the two forest types as well as allometric equations for palms and coarse roots \[[@B52]\]. We also harvested total above and belowground biomass in recently (3-5 years) abandoned pastures.

Soil carbon was measured in all plots at two depths 0-15 and 15-30 cm by taking samples for bulk density and composite samples at each plot for percent carbon content determination \[[@B52]\]. Fine root biomass (\< 0*.*5 cm in diameter) was sampled at the same depths in all plots extracting 3 soil cores (8 cm in diameter x 15 cm long) per plot.

For a subset of 33 plots in the secondary forests, we estimated the age since land abandonment using a combination of techniques: 1) interviews with local inhabitants, 2) tree-ring analysis in species with known annual rings, 3) radiocarbon dating of trees with average diameter, and 4) land-cover sequences from aerial photography and satellite images. With these ages we were able to ensemble a set of plots that form a chronosequence that spans 36 years, from recently abandoned pastures to well developed successional forests. Additional details about the calculation of plot age in this chronosequence are presented in \[[@B51]\].

For each plot we determined total aboveground biomass (*TAGB*) as the sum of aboveground tree biomass, aboveground palm biomass, and herbaceous vegetation (*D*\< 1 cm). Total belowground biomass (*TBB*) was calculated as the sum of fine and coarse roots for each plot. Total dead mass (*TDM*) as the sum of fine litter and coarse woody debris. Soil organic carbon (*SOC*) as the sum of the estimates at 0-15 and 15-30 cm depth. Total carbon stocks (*TCS*) are then the sum of all these components for each plot as

$$\textit{TCS} = p_{c}\left( {\textit{TAGB}, + ,\textit{TBB}, + ,\textit{TDM}} \right) + \textit{SOC},$$

where *p*~*c*~is the proportion of carbon in dry organic matter (DW). In our case, we used *p*~*c*~= 0*.*45, estimated from measurements of different pools at the site \[[@B52]\].

Ecosystem carbon fluxes were calculated as the annual difference in *TCS*, which corresponds to the concept of Net Ecosystem Carbon Balance \[[@B55]\]

$$\textit{NECB} = \frac{\Delta\textit{TCS}}{\Delta t}.$$

Model fits
----------

We used common empirical models \[[@B19],[@B51],[@B56]\] for predicting biomass and carbon accumulation in all pools along the successional sequence. Relationships between the dependent variable *Y* and age *t* were fit using the von Bertalanffy growth model \[[@B57]\]

$$Y = Y_{\textit{max}}\left( {1, - ,\beta_{0},\exp,\left( {- ,\beta_{1},\;,t} \right)} \right)^{\beta_{2}},$$

and the logistic equation

$$Y = \frac{Y_{\textit{max}}}{\left( {1, + ,\beta_{1},\exp,\left( {\beta_{2},\;,t} \right)} \right)},$$

where *β*~0~, *β*~1~, and *β*~2~ are empirical coefficients, and *Y*~*max*~the maximum average value of the dependent variable.

The values of *Y*~*max*~ for the three models were set as constants in fitting the regression models, using the average values for these pools measured in the primary forests of the region: *TAGB*~*max*~= 111*.*51, *TBB*~*max*~= 37*.*665, and *TDM*~*max*~= 6*.*615 Mg C ha^-1^\[[@B52]\].

Simulations
-----------

We explored the effects of carbon legacies and landscape age-structure using simulations of carbon accumulation from the fitted models. Before running the simulations, we evaluated the performance of the model using an independent dataset of total carbon accumulation for an Amazon tropical forest \[[@B20],[@B21]\], and a lowland tropical forest from Costa Rica \[[@B22]\].

We tested the effects of different levels of carbon legacies on TCS and NECB by performing simulations in which different amounts of C were present at the initiation of forest succession and decomposed over time. In particular, we tested the effects of leaving in situ 100, 70, 30 and 0% of the total mass (*TM*=*TAGB* + *TBB* + *TDM*) present under primary forest using the equation

$$\begin{array}{ll}
{\mspace{1530mu}\textit{TCS}\left( t \right) =} & {\textit{TM}\left( t = 0 \right)\mspace{500mu} e^{({- ,k,\;,t})} + \textit{TAGB}\left( t \right) + \textit{TBB}\left( t \right)} \\
 & {+ \textit{TDM}\left( t \right) + \textit{SOC}\left( t \right).} \\
\end{array}$$

Decomposition of the legacy C (*TM*(*t*= 0)) was represented with a simple exponential model using the median decomposition rate *k* of 155 logs measured in Central Amazonia \[[@B24]\]. We used here the complete data set from \[[@B24]\], which is publicly available from the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC) \[[@B25]\].

The effects of landscape age-structure on carbon fluxes were tested by producing hypothetical landscape configurations following an exponential probability distribution \[[@B11]\]

$$p\left( t \right) = \lambda e^{- \lambda t}$$

where *t* is the age of a landscape unit and its probability is given by *p*(*t*) with an expected age given by *E*\[*t*\] = 1/*λ*.

We produced hypothetical landscapes by sampling sets of 1000 random numbers from an exponential distribution with mean ages *E*\[*t*\] = 3, 5, 10, 20, and 50 years. To each set of 1000 landscape units, we calculated the values of NECB predicted by the empirical model under different assumptions of carbon legacies. To assess the uncertainty introduced by the value of the decomposition rate, we applied different values of *k* sampled randomly from the set of 155 logs using a Monte Carlo procedure.

The code and data to reproduce all results from this analysis are provided in the supplementary material for verification and reuse (see Additional files [1](#S1){ref-type="supplementary-material"}, [2](#S2){ref-type="supplementary-material"}, and [3](#S3){ref-type="supplementary-material"}).
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###### Additional file 1

**PorcedB2012.csv.** Biomass (Mg DW ha^-1^yr^-1^) and soil carbon stocks (Mg C ha^-1^yr^-1^) of 33 permanent plots with their corresponding age. AGB: tree aboveground biomass (*D*\> 1 cm), Palm: aboveground biomass of palms, HV: biomass of herbaceous and non-woody vegetation (*D*\< 1 cm), CR: coarse root biomass (\> 5 mm diameter), FR: fine root biomass (\< 5 mm diameter), FL: fine litter, CWD: coarse woody debris, SC15: soil organic carbon to 15 cm depth, SC30: soil organic carbon to 30 cm depth.

###### 

Click here for file

###### Additional file 2

**TCA_Porce.R.** R code to reproduce all graphics and simulations in the manuscript.

###### 

Click here for file

###### Additional file 3

**Chambers_k.csv.** Database on coarse wood decomposition rates obtained from \[[@B25]\]. This is a short version of the dataset, included here only for the purpose to run the code provided as Additional file [2](#S2){ref-type="supplementary-material"}.

###### 

Click here for file
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